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ABSTRACT:
Infertility is a public health issue that affects a large portion of the human 
population. According to epidemiological studies, 20% of couples worldwide were 
infertile in 2015 (Turchi, 2015). To understand how to treat infertility and other 
reproductive disorders in humans, first the mechanism in which vertebrate reproduction 
occurs must be investigated in a model organism. The zebrafish, Danio reiro is a popular 
model for reproductive studies (Hill, 2005). For this reason, a transgenic zebrafish was 
generated with a plasmid that carried 1823 bp of the aromatase (CYP19a) promoter and 
the Enhanced Green Fluorescent Protein (EGFP) gene. The EGFP gene was used as a 
reporter to map the expression of the aromatase promoter in the female zebrafish. This 
promoter originated from the aromatase enzyme that converts androgens to estrogen in 
the ovaries of most vertebrates. In our studies, two different western blots were 
performed to detect levels of green fluorescence in different organs and in follicles of 
different sizes. Our findings suggest that that the aromatase promoter is expressed in the 
granulosa cells that surround the ovarian follicles during the pre-vitellogenic (PV), early- 
vitellogenic(EV) and mid-vitellogenic (MV) stages of folliculogenesis. This transgenic 
model could be used in future research to study proteins that are expressed at these 
specific stages of folliculogenesis and provide insight into their effects on ovulation.
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INTRODUCTION
The ovarian follicle is the basic functional unit of the ovaries. It is composed of 
the oocyte which is surrounded by a layer of nucleated granulosa cells and an outer layer 
of theca cells. The ovarian follicles mature from small primordial follicles into large 
preovulatory follicles through the process of folliculogenesis (Ge, 2005). 
Folliculogenesis is tightly regulated by the action of heterodimeric gonadotropic 
hormones produced by the anterior pituitary (Smith, 1930; Litch et al., 1997). These 
gonadotropic hormones include: follicle stimulating hormone (FSH) and luteinizing 
hormone (LIT) which are essential to vertebrate reproduction (Fevold et al., 1993; Simoni 
et al., 1999). Orthologs of FSH and LH have been found in all vertebrate classes (Litch et 
al., 1997). Although these hormones have been well studied, there is a limited amount of 
information pertaining the mechanisms by which they function (Laan et al., 2002). To 
gain further understanding of the elements involved in reproduction, the Tol2 system was 
used to generate a transgenic zebrafish Danio reiro that carried 1823 bp of the (CYP19a) 
promoter and the Enhanced Green Fluorescent Protein (EGFP) gene (Suster et al., 2009). 
Zebrafish have become a popular model of choice in many scientific studies, since they 
are cost efficient, require low maintenance and provide conceptual insight into many 
aspects of vertebrate biology. (Hill, 2005; Segner, 2009).
General advantages o f Zebrafish as a Reproductive Model
The zebrafish, Danio rerio, is a small tropical fresh water fish widely known for 
its use in home aquariums. The popularity of zebrafish has largely increased in the past 
decades since it has become the focus of many research studies in evolutionary science, 
genetics, neurobiology, development biology and many other fields of science (Lele and
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Krone, 1996). The use of zebrafish in research has contributed to many recent 
advancements in science. It has also aided in the development of new drugs and the 
efforts to monitor possible environmental toxins (Broughton et a l 2001; Golling et al., 
2002). Zebrafish popularity as a model organism is reflected in the growing number of 
published research studies that have used this organism. The number of publications has 
grown from less than 100 annually in the early 1990s to more than a thousand per year 
(Hill, 2005). The increasing use of zebrafish in research is due to its large array of 
technical and practical advantages as a vertebrate model for many different biological 
disciplines. These general advantages could prove important when studying vertebrate 
reproduction
One of the main advantages of using zebrafish as a model is their small size (Hill, 
2005). Adult zebrafish are about 1-1.5 inches in size. Thus, small facilities can house 
large numbers of zebrafish together, reducing the cost of husbandry (Spitsbergen and 
Kent, 2003). Their small size can also lower the cost research studies by lowering the 
quantity of chemicals and labware needed to keep the zebrafish alive and to complete 
required assays. Since the maintenance of zebrafish requires less chemicals than larger 
fish, they also produce less waste for disposal and less pollutants (Hill et al., 2002). High 
throughput methods are also possible due to the small size of the zebrafish embryos. 
Their small size allows for large samples to be tested together providing many 
experimental replicates (Hill, 2005). This might be useful when conducting reproductive 
studies because a larger sample size means that the results will be more representative of 
the actual population.
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In addition to their size, another advantage of using zebrafish as a model is their 
ease of maintenance. There are several companies that specialize in zebrafish aquaria that 
can house thousands of fish at a time (Hill, 2005). Many of these aquaria, include 
circulating systems that continuously filtrate and aerates the water to maintain a clean, 
healthy environment for the zebrafish (Avdesh et al, 2012). Proper ph levels, 
temperature and photoperiods which are important for growth and reproductive 
performance of zebrafish can also be automatically maintained and monitored 
(Vargesson, 2007; Spence et al 2008; Avdesh el al, 2012). Zebrafish can be fed with dry 
food and they only require feedings twice a day (Matthews et al, 2002). Since many of 
the aspects of zebrafish maintenance can be automated, their handling would not be labor 
intensive and the research would require very little animal training.
Furthermore, the large amount of existing knowledge about zebrafish makes this 
species invaluable as a model organism for any type of scientific research (Segner, 2009). 
The genome sequence which was initiated in 2001 has finally been completed making 
zebrafish indispensable in any study involving genetics or tissue manipulation (Hill, 
2005; Howe et al, 2013). A comprehensive resource manual for the use of zebrafish in 
the laboratory has also been published. Since the optimum conditions needed to breed 
and maintain the zebrafish have already been determined, common problems and diseases 
affecting this species can easily be avoided or treated (Westerfield, 1995). Knowing the 
optimum conditions for the zebrafish can also ensure proper mating and continuous 
generation of offspring. Zebrafish can spawn once a week generating about 50-200 eggs 
(Spence et al, 2007). The eggs grow and reach sexual maturation within 100 days.
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Zebrafish high fecundity and their rapid rate of maturation are very important factors in 
reproductive studies since transgenic lines could be rapidly established.
Zebrafish Are Representative o f Other Vertebrates
A good model organism is one that is representative of a variety of organisms. 
This means that the model organism does not only have to provide insight about a 
specific process and how it works within itself; it must also be able to illustrate how these 
same processes happen in other closely related organisms. To characterize the expression 
of specific proteins in the ovaries, the chosen model must have a reproductive system that 
is representative to many vertebrates including humans.
Zebrafish are a favorite model organism for reproductive studies since many 
aspects of zebrafish reproduction are conserved among all vertebrates. Research studies 
have gathered substantial information about zebrafish reproduction, starting from the 
specific brain regions or neurons associated with their reproduction, all the way to their 
gonadal physiology (Laan, et al, 2001; Blanton and Specker, 2007; Hoo et al, 2016). 
These studies have shown there is great similarity between reproduction in zebrafish and 
humans. Major reproductive elements like gametes and their function, ducts and openings 
are shared among all vertebrates (Liu et al., 2011; Hoo et al., 2016). The intrinsic 
cascades of reproductive hormones and their elaborate feedback mechanisms are also 
conserved in all vertebrates (Santos et al., 2007). Since many of the aspects of zebrafish 
reproduction are also shared by other vertebrates, using zebrafish as a model organism 
could provide a great deal of insight into the implications of expressing specific proteins 
in the ovaries for humans and the relationship between these proteins and the 
reproductive hormones.
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One major similarity between zebrafish and mammalian reproduction is the 
existence of three interrelated hormonal feedback control axes. These control axes consist 
of: the hypothalamic-pituitary-gonadal (HPG) axis, the hypothalamic-pituitary-thyroid 
(HPT) axis and the hypothalamic-pituitary-adrenal (HPA) axis. The first one of these, the 
HPG axis, can regulate reproduction, aging and development through the collaboration of 
the hypothalamus, the anterior pituitary gland (APG), and the gonads. (Liu et al., 2011a; 
Hoo et al., 2016). In the HPG axis, the kisspeptin neurons and the GnRH neurons are 
very important for the control of the hypothalamus and the secretion of FSH and LH in 
mammals (Liu et al., 201 lb; Vaudry and Seong, 2014). Studies have found the presence 
of sex steroid receptors indicating that these neurons are a part of the steroid feedback 
loop (Messager, et al., 2005; Smith et al., 2006). Zebrafish also have kisspeptin neurons, 
these neurons share many functional similarities with mammalian kisspeptin neurons like 
the regulation of GnRH secretion and subsequent regulation of gonotropin release 
(Kitahashi et al., 2009; Lehman et al., 2010; Servili et al., 2011; Semaan et al., 2013) In 
addition, GnRH neurons in the hypothalamus produce GnRH that induce the secretion of 
FSH (referred to as GTH-I in zebrafish) and LH (known as GHT-II in zebrafish) from the 
APG (Lehman et al., 2010; Golan et al., 2015). The roles of these hormones are 
conserved throughout species. In males, they are involved in the process of 
spermatogenesis and the differentiation of Sertolli cells. While in females they regulate 
ovarian follicle maturation, ovulation and estrogen production (Fevold et al., 1993; 
Simoni et al., 1999). The mechanisms by which these hormones function, are also very 
similar in both mammals and zebrafish. The gonadotropin receptors share many sequence 
similarities and in both species and the mechanism by which LH and FSH function
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depend on the use of cAMP as a secondary messenger (Bogerd et al., 2005; García et al., 
2010). The HPG is very similar in zebrafish and mammals, conserving the main 
hormones and reproductive structures.
The next hormonal axis, the HPT is dependent on the crosstalk between the 
Hypothalamus, the Pituitary and the Thyroid gland. In mammals, the thyroid gland is a 
butterfly shaped organ found in the neck. The thyroid’s secretion of triiodothyronine (T3) 
and tetraidothyronine (T4) is controlled by the secretion of thyroid stimulating hormone 
(TSH) from the APG which is regulated by the secretion of thyroid releasing hormone 
(TRH) from the hypothalamus (Bodo el al., 2010). The purpose of the thyroid gland is to 
regulate metabolism and growth. However, the thyroid hormones can also influence 
reproduction by affecting the secretion of gonadotropin hormones (Manna et al., 2001). 
The thyroid system of zebrafish is very similar to the mammalian thyroid system. 
Thyroid tissue in these two species have the same origins and conserve the same genes 
for thyroid tissue development (Porazzi et al., 2009). It has also been shown that in both 
these species, the APG releases TSH which subsequently stimulates T3 secretion. The 
roles of the thyroid hormones are essentially the same. Consequently, alterations to the 
thyroid hormones (either T3 or T4) can have adverse effects in the reproductive systems 
of both zebrafish and mammals by affecting the levels of GTH-I and GTH-II (Lehman et 
al., 2010). The high level of resemblance between the HPT in mammals and zebrafish 
indicate that zebrafish could be a good reproductive model.
Lastly the HPA axis, in mammals is made up of the interactions between the 
hypothalamus, the pituitary gland and the adrenal gland (Khan et al, 2016). The main 
functions of this axis include: the production of appropriate hormones as a response to
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stress, as well as the regulation of the reproductive and the immune systems (Mead and 
Sarkar, 2014). In situations of stress the paraventricular nucleus of the hypothalamus 
produces corticotrophin releasing hormone (CRH) and vasopressin (Tsigos and Chrousos, 
2002). These two hormones induce the secretion of adrenocorticotropic hormone 
(ACTH) by the APG (Mouthaan et al., 2014). This in turn, triggers the biosynthesis of 
cortisol and other corticosteroids. Cortisol is a steroid hormone produced by the adrenal 
gland to stimulate the process of gluconeogenesis under increased stress conditions. It 
also prevents overactivation of the immune system and inflammation (Mouthaan et al., 
2014). Zebrafish do not have an adrenal gland, instead they have an analogous structure 
called the interrenal (Yi-Wen, 2007). Hence, in zebrafish the HPA axis is referred to as 
the hypothalamus-pituitary-interrenal (HPI) axis (Fuzzen et al., 2010). On the other hand, 
the structure and function of the pituitary gland are conserved between mammals and 
zebrafish. In both species, the pituitary produces the same hormones (Alsop and Vijayan, 
2009). Like in mammals, the ACTH produced by the pituitary binds to melanocortin 
receptors (MC2R) in the interrenal gland (Alsop and Vijayan, 2008). The MC2R 
receptors and their signaling cascade are conserved between species. In both mammals 
and zebrafish, binding of ACTH to MC2R eventually leads to the secretion of cortisol 
(Cruz et al., 2013). Although zebrafish do not have an adrenal gland there is still high 
levels of similarities between the adrenal gland and the zebrafish analogue, the interrenal. 
Foreign DNA Can Be Easily Inserted into Zebrafish
To study the expression of specific proteins in the ovaries, it was necessary to 
create a transgenic model in which a transgene can easily be integrated. Since the 
complete genome of the zebrafish has been sequenced, genetic manipulations are not
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difficult to perform and maintain. The popularity of zebrafish as a model in genetics has 
led to the development of many transgenic technologies for zebrafish (Amsterdam and 
Becker, 2005). Transgenesis studies for this species have become routine and are now 
fairly simple to perform in a tissue specific manner (Shafizadeh et al., 2002). Many of 
these techniques are time efficient since zebrafish mature rapidly and have a high 
fecundity. These techniques can also be inexpensive and some of them might even be 
used for mass gene transfer projects (Lele and Krone, 1996).
One method used for introducing foreign DNA into zebrafish is liposome 
mediated gene transfer. This technique uses negatively charged, large unilamellar 
liposomes to deliver recombinant bacteriophage lambda particles into the cells of 
dechorionated zygotes or early embryos. Integration of transgene DNA into the fish 
genome has been shown to be efficient (Szelei et al, 1993). This method is one of the 
easiest mass gene transfer methods available. It can be used when a research study 
requires a large number of embryos to be genetically modified. In addition, many good 
kits for liposome mediated gene transfer have been made commercially available. These 
have successfully been applied to a wide range of models including cells of mammals and 
non- mammals (Lele and Krone, 1996).
Electroporation of fertilized eggs has also been used as another method to create 
transgenic zebrafish. In this method, dechorionated embryos of one or two cells are 
injected with the DNA of interest (Bansal et al., 2008). A series of electrical pulses are 
then used to make holes in the embryos through which the foreign DNA moves as a result 
of its negative charge. The foreign DNA then enters cytoplasm and the nucleus of the 
cells subsequently (Bigey et al., 2002; The et al., 2005). The machine required by this
15
technique simple to use and commercially available. This means that electroporation is 
cost efficient and does not require much labor. This technique is rapid, can be used to 
create many transgenic zebrafish at a time (Barnabe-Heider et a l, 2008). However, this 
technique can also be toxic. The use of this technique on living organisms can be made 
complicated by the substantial damage and cell death caused by the electric pulses. Other 
disadvantages might include the induction of free radicals, vascular defects, inflammation 
and the diffusion of external media through the increase of permeability (Bigey et al, 
2002; The et al, 2005). Although this method might have some disadvantages, it is still a 
reliable technique used for the creation of transgenic organism.
Lastly, the microinjection has also been used for transgenic studies involving 
zebrafish (Lele and Krone, 1996; Amsterdam and Becker, 2005). For this method, high 
concentrations of plasmid DNA or bacterial artificial chromosomes (BACs) are injected 
into the cytoplasm of one-cell embryos. The foreign DNA gets integrated into the 
zebrafish genome producing mosaic transgenic individuals that can later generate stable 
transgenic lines (Stuart et al., 1988). This technique has been criticized because it has a 
low efficiency rate of approximately 5-20% (Stuart et al, 1988; Culp et al, 1991). 
However, the microinjection is still popular because it yields higher survival rates than 
other methods (Stuart et al, 1988; Lele and Krone, 1996). It is also relatively inexpensive 
and easily accessible (Lin et al, 2016). The existence of many different transgenic 
techniques increases the value of zebrafish as a reproductive model. The different cost 
efficient options for creating transgenic zebrafish allow for its many different uses.
The Tol2 System
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The existence of the various methods used to introduce foreign DNA into the 
zebrafish have made this a great model for transgenic studies. The value of the zebrafish 
as a model has further increased by the introduction of the Tol2 transposon system as a 
method for creating transgenic organisms. The Tol2 element was originally identified in 
the Medaka fish (Oryzias latipes). This element is about 4.7 kilobases long and it 
contains a gene that codes for an autonomous transposase protein. In the Tol2 transposase 
technique, a plasmid construct is first created to introduce the foreign DNA into the 
zebrafish. This construct consists of the protein of interest positioned downstream from 
the promoter and two minimal cis regulatory sequences from the Tol2 element which are 
placed at 5' and the 3 'flanking sites (Kardash, 2012). The construct and synthetic mRNA 
that codes for the transposase introduced into an embryo through microinjection. The 
transposase gets translated into protein and proceeds to catalyze the excision of the 
transposon from the plasmid construct. As a result, the excised DNA gets integrated into 
the genome of the zebrafish. Once the injected mRNA and the translated transposase 
protein degrade, transposase stops working and the Tol2 insertion becomes stabilized 
(Kawakami, 2007).
The invention of the Tol2 system has revolutionized the way transgenesis is 
conducted in zebrafish. Previous methods of creating transgenic lines were satisfactory. 
However, they often had low germline transmission frequency, low reliability of 
transgene expression or required intensive labor (Suster et al., 2009). The Tol2 system 
has greater rate of genomic integration than the previously used methods. About 50% to 
70% of injected fish produce transgenic FI offspring, at frequencies between 3% and 
100%. (Kawakami, 2007). Furthermore, researchers have found vectors with the minimal
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DNA sequences needed for Tol2 transposition. This means, that preparing a new 
transgene construct does not require much labor or training. These vectors can be used to 
study the expression of any foreign gene in zebrafish. They are also well suited for 
studying genes that are specifically expressed in certain tissues (Suster et al., 2009). For 
these reasons, the discovery of the Tol2 system has increased the popularity of the 
zebrafish as a model organism.
Aromatase, a Specific Ovarian Promoter
To study protein expression in the ovaries, the foreign DNA does not just have to 
insert itself into the organism's DNA, it must also be successfully expressed in the 
specific tissue of interest. Using a good promoter ensures that the foreign DNA of interest 
is continuously transcribed and translated. For this reason, the promoter of the aromatase 
gene was chosen for this study.
Aromatase (CYP19) is an enzyme that facilitates the conversion of androgens 
into estrogen. This process is of utmost importance for the dimorphic development of 
zebrafish. The CYP19 gene is highly conserved in vertebrates and can be found in many 
animals including humans (Harada et al., 1998; Tong and Chung 2003). Zebrafish have 
two CYP19a genes: CYP19a which is expressed mainly in follicular cells lining the 
vitellogenic oocytes in the ovary and CYP19b which is mostly expressed in the brain 
(Tanaka et al., 1995). Studies analyzing the CYP19a gene have identified a TATA box 
and many regulatory elements within its 2.5kb promoter region. Some of these regulatory 
elements include: a steroidogenic factor-1 recognition site, estrogen receptor half site, 
androgen receptor half site and cyclic-AMP responsive element (CRE) like sites. They 
have also shown that CYP19a can be induced by estrogen and inhibited by androgens
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(Tong and Chung 2003). Additional studies have also characterized the expression of the 
CYP19a gene. These studies revealed the specific expression of this gene in the granulosa 
cells that surround ovarian follicles. Expression of the CYP19a gene is very low during 
the pre-growth (PG) and pre-vitellogenic (PV) stages of folliculogenesis. It slowly 
increases as the follicle enters the early-vitellogenic (EV), mid-vitellogenic (MV) and 
late-vitellogenic/follicular growth (LV/FG) stages. It then decreases again once the 
follicle reaches the Maturation stage. The extensive knowledge there is about CYP19a 
gene and its specific patterns of expression makes this a good promoter for transgenic 
studies (Ge, 2005).
Disadvantages ofZebraflsh as a Model Organism
There are some limitations to the use of zebrafish as model organisms for 
reproduction. Although there is extensive knowledge about zebrafish, they are still an 
emerging laboratory model. Hence, information about their reproductive system is not as 
complete as it is for other mammalian models (Hoo et al., 2016). In addition, since they 
belong to the class Actinopterygii, there are some differences between the reproductive 
system of zebrafish and the reproductive system of mammals (Hoo el al., 2016). For 
instance, in zebrafish reproduction, a male must be present for female to ovulate, 
insemination happens externally and the fertilized embryos are transparent in color 
(Spence et al., 2007: Hoo et al., 2016). Neither of these are true for humans or other 
mammals.
Up until recently, the zebrafish was also lagging behind other models like the fruit 
fly (Drosophila melanogaster) and the mouse due to a lack of certain molecular 
techniques. Techniques for creating transgenic lines and knockouts were not as well
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established for the zebrafish as they were in other popular models. These disadvantages 
are slowly disappearing as technology continues to advance (Kardash, 2012). Various 
methods, including the Tol2 system have now made the zebrafish indispensable for 
transgenic studies. Knocking out genes in zebrafish has also been made easier with the 
creation of the CRISPR-Cas system which allows the induction of targeted genetic 
modifications in zebrafish embryos (Hwang et a!., 2013). As new studies gather more 
information about zebrafish, the technology gaps are becoming smaller and the value of 
the zebrafish as a model organism is increasing.
Goals o f this Study
Zebrafish have become a popular model organism for scientific research. This 
species is cost efficient, easy to maintain and has been well characterized, which makes it 
such an attractive organism for reproductive research. The studies involving the 
reproductive system are also very representative since a lot of the reproductive functions 
and structures are conserved between zebrafish and mammals. In addition, there are a 
variety of methods and promoters that can be used for the successful insertion and 
specific expression in the ovaries of foreign DNA of interest. These characteristics make 
zebrafish an ideal model for reproductive biology. By using transgenic techniques to 
create a line of zebrafish that carry the aromatase promoter and the EGFP gene, our aim 
is to characterize the specific expression of this promoter. Since the expression of 
endogenous aromatase has been previously mapped on the granulosa cells surrounding 
ovarian follicles at specific stages of folliculogenesis, the same pattern of expression is 
expected in the transgenic zebrafish (Ge, 2005).
MATERIALS AND METHODS
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Transgenic Zebra fish
Transgenic zebrafish were obtained from previous studies which integrated the 
aromatase gene promoter and the EGFP gene into zebrafish using the Tol2 system. The 
FO generation was mated and they gave birth to the FI zebrafish that were used for this 
study.
Genomic DNA Extraction
Genomic DNA Extraction was carried out as described in the Applied Biosystems 
DNA Extract ALL Lysis Reagents protocol. In preparation for the PCR assay, tissue of 
FI generation zebrafish was obtained from their caudal fin. The tissue was immersed in 
50pl of lysis buffer and vortexed briefly to mix thoroughly. The tubes were then micro- 
centrifuged and placed in the thermal cycler machine at 96°C for 3 minutes. Once the 
Genomic DNA extraction was finalized, 50pl of DNA stabilizing solution were also 
added to the mixture.
Polymerase Chain Reaction Assay (PCR)
After the DNA was extracted from the zebrafish, PCR was performed following 
the AccuprimeIM SuperMix II protocol. While on ice, 4pl of template DNA, 7.5pl of 
double distilled water, lpl (0.5pl each) of primer mix and 12.5pl of AccuprimeIM 
SuperMix II were added to DNAse/RNAse-free micro-centrifuge tubes in accordance to 
the protocol. Each tube was vortexed and then micro-centrifuged briefly. Next, they were 
placed in the thermal cycler at 94°C for 30seconds as the initial denaturation. This step 
was followed by 35 cycles of: denaturation at 94°C for 30 seconds, annealing at 60°C for 
30 seconds and extension at 68°C for 1 minute per Kb of PCR product.
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Once the amplification products were obtained, 2.5pl of loading buffer was mixed 
into each tube. 25pl of each sample was loaded into a 1% agarose gel covered XTA 
buffer in a gel electrophoresis apparatus. In addition, lOpl of Hi-Lo solution were also 
loaded on the gel
The apparatus was set to run at a voltage of 11 Ov for 60 minutes. The final results were 
analyzed under UV light.
Protein Extraction o f Different Tissues
Transgenic 1 (TGI), Transgenic 2 (TG2) and Wildtype (Wt) female zebrafish 
were dissected as previously described (Gupta and Mullins, 2010). Female zebrafish were 
euthanized in ice water. Their ovaries, brains, hearts, liver and intestines were removed 
and placed in PBS.
A small sample of tissue was taken from each organ and immersed in lamlii 
buffer. The different amounts of lamlii buffer added to each sample were as follow: 300pl 
for the ovaries, lOOpl for the brains, lOOpl for the heart, 250pl for the liver and 250pl for 
the intestines. The samples were heated for 3 minutes at 95°C. The samples were then 
spun for 10 minutes.
SDS/PAGE and Western Blot o f Different Zebrafish Tissues
The SDS/PAGE was performed in accordance with the protocol from the Mini- 
PROTEAN® Tetra Cell manual. Pre-made 4-20% polyacrylamide gels were placed in an 
electrophoresis gasket and tank. 20 pi of each sample was loaded into the gel and 
electrophoresis was done for 35 minutes at voltage of 200v.
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The gel was transferred as described by the protocol from the Mini Trans-Blot® 
Electrophoretic Transfer Cell manual. The gel sandwich was prepared by placing the gel 
between a nitrocellulose membrane, filter paper and fiber pads in a locked cassette. The 
gel sandwich was moved into an electrophoresis tank filled with transfer buffer. The tank 
also contained an ice pack and a magnetic stirrer. The transfer was done at a voltage of 
1 OOv for one hour.
The membrane was allowed to dry for about 15 minutes and then it was blocked 
with Odyssey Blocking Buffer (PBS or TBS) for one hour. To detect the reporter gene, 
the membrane was incubated overnight with the anti-GFP antibody (1: 1,000 diluted) at 
4°C in gentle shaking and washed four times with lxPBS-T (0.1% Tween 20). Next, the 
membrane was incubated with Rabbit Polyclonal to GFP (1: 10,000 diluted) in the dark 
and washed four times with lxPBS-T (0.1% Tween 20) and one additional time with lx 
TBS/PBS to eliminate the residual Tween before detection. The detection was performed 
as described by the LI-COR Near- Infrared (NIR) Western Blot Detection manual.
Cryostat Sectioning
A sample of fresh unfixed ovarian tissue was placed in a mold and frozen in the 
optimal cutting temperature (OCT) compound. The OCT with the tissue was frozen onto 
metal grids and placed on the cryostat. The sections were cut 5-15pm thick at a 
temperature of -20°C in the cryostat. After the cutting was complete the tissue section 
was transferred to a room temperature microscope slide. A drop of 4',6-Diamidino-2- 
Phenylindole, Dihydrochloride (DAPI) was added to the slide as a counter stain (Fischer 
et al. 2008).
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Direct Microscopy o f Frozen Ovarian Tissue
After the tissues were sectioned with the cryostat, the ovarian tissue was 
visualized under a fluorescent confocal microscope. The slides were stained with DAPI 
and further visualization was performed using blue and green fluorescent filters.
Follicle Fractionation
Ovary was isolated as described in previous research. The female zebrafish was 
dissected and her ovaries were removed. The ovaries were placed in a culture dish with 
60% Leibovitz L-15 medium. After isolating the follicles, they were grouped according 
to size as follow: Mature follicle (FG) > 650pm, late-vitellogenic stage (LV) 500-600pm, 
mid-vitellogenic stage (MV) 400-500pm, early-vitellogenic stage (EV) 300-400pm, pre- 
vitellogenic stage (PV) 200-300pm, pre-growth stage (PG) <100pm.
Protein Extraction o f Different Size Ovarian Follicles
After separating the ovarian follicles by size, protein extraction was conducted. 
This method was performed as previously described. However, for this experiment lOOpl 
of lamlii buffer was added to each sample. The samples were then heated for 3 minutes at 
95°C and spun for 10 minutes in preparation for the following technique.
Western Blot and SDS/PAGE o f Different Size Ovarian Follicles
The SDS/PAGE and the western blot were both completed following the 
PROTEAN® Tetra Cell manual protocol previously described. Once again, 20pl of each 
sample was loaded into the gel. A full ovary was used as a positive control, of which only
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lOjil was added into the gel and an extra lane was left blank. After the samples were 
loaded, electrophoresis was done for 35 minutes at voltage of 200v.
The gel was transferred was also carried out as previously described at a voltage 
of 1 OOv for one hour. After drying, it was blocked with Odyssey Blocking Buffer (PBS or 
TBS) for one hour. The, it was incubated overnight with the anti-GFP antibody (1: 1,000 
diluted) at 4°C in gentle shaking and washed four times with lxPBS-T (0.1% Tween 20). 
The membrane was incubated with Rabbit Polyclonal to GFP (1: 10,000 diluted) in the 
dark and washed four times with lxPBS-T (0.1% Tween 20) and one additional time with 
lx TBS/PBS to eliminate the residual Tween before detection. Finally, detection was 
performed as described by the LI-COR Near- Infrared (NIR) Western Blot Detection 
manual.
RESULTS
Genotyping o f transgenic FI zebrafish
PCR was used to determine the successful introduction of the CYP19a gene 
promoter into the zebrafish genome. DNA was extracted from zebrafish tissue and 
amplified with PCR. Later, it was run through gel electrophoresis and analyzed under UV 
light. DNA amplification was expected to reveal the presence of the of the EGFP gene 
that was included in the vector with the CYP19a promoter. EGFP is a reporter gene can 
easily be visualized in gel at about 720bp. The presence of a band at about 700bp 
indicates that incorporation of the transgene was successful. Almost 100% of the FI 
generation was transgenic which shows the reliability of the Tol2 system as a method for 
creating transgenic lines (Fig. 1).
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Figure 1 : Integration of the aromatase promoter identified by Polymerase 
Chain Reaction (PCR) Technique. Lane 1 contains the DNA ladder. Lane 2- 
6 display the 700bp band associated with the expression o f  the EGFP gene in 
the transgenic zebrafish. Lane 7 is a wild type and does not have any bands.
Western Blot o f Different Zebrafish Tissues
To determine the specific tissues in which CYP19a was being expressed, a 
Western Blot was conducted. To begin the procedure, protein was extracted from: the 
brains, the heart, the liver and the intestines of a transgenic zebrafish and the ovaries of a 
wildtype zebrafish. SDS/PAGE was performed to separate the proteins in each sample by 
molecular mass. The resulting gel was transferred to a nitrocellulose membrane to be 
detected through Western blot. EGFP was expected to have a band at 26.9 kDa. The 
transgenic ovaries were the only tissues to express EGFP (Fig. 2). The other tissues did 
not express any EGFP. Thus, indicating that CYP19a promoter was specifically 
expressed in the ovaries.
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Figure 2: Western Blot detection of EGFP expression in different tissues of transgenic and wild 
type zebrafish The observed green bands represent the amount of EGFP expressed in each tissue.
EGFP is only observed in the ovaries of transgenic zebrafish indicating that the aromatase promoter 
is only expressed in the ovaries. Lane 1 shows a wild type ovary. Lane 2 shows transgenic ovary 1.
Lane 3 shows transgenic ovary 2. Lane 4 shows transgenic ovary 3. Lane 5 shows transgenic brain.
Lane 6 shows transgenic heart. Lane 7 shows transgenic liver.
Direct Microscopy o f Frozen Ovarian Tissue
After finding that CYP19a was being expressed specifically in the ovaries of the 
transgenic zebrafish, it was important to investigate in which ovarian cells was the 
promoter being expressed. The ovarian follicle is composed of the inner oocyte which is 
surrounded by granulosa cells and outer theca cells. Previous research has identified, the 
granulosa cells surrounding the oocyte as the site of endogenous aromatase expression. 
Unlike theca cells, granulosa cells are nucleated and can be easily observed when stained 
with a nuclear counter stain like 4',6-Diamidino-2-Phenylindole, Dihydrochloride 
(DAPI). Thus, to understand if the granulosa cells were expressing CYP19a: the ovaries 
were frozen, sectioned with a cryostat, stained with DAPI and visualized under a 
fluorescent microscope. Nucleated cells would appear in blue, while the cells expressing 
CYP19a would appear in green since they are also expressing the EGFP. The results 
indicate that the CYP19a promoter is expressed in a layer of cells that surround the 
oocyte (Fig. 3). These cells are also nucleated which suggests that the CYP19a aromatase 
promoter might be expressed in the granulosa cells of the ovarian follicles.
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Figure 3: Visualization of EGFP Expression In Ovarian Follicles With Fluorescent 
Microscope. A and B illustrate the different components of an ovarian follicle including: the 
oocyte, the surrounding layer o f granulosa cells and the outer theca cells (Ge, 2005). C shows 
ovarian follicles o f two transgenic zebrafish and one wildtype viewed under green fluorescent light, 
blue fluorescent light or both. The cells that appear in green are expressing the EGFP reporter gene, 
while the cells that appear in blue are nucleated cells that were stained by DAPI.
Western Mot o f Ovarian Follicles at Different Stages o f Folliculogenesis
During the process of folliculogenesis, follicles undergo morphological changes 
that allow them to develop from primordial follicles to preovulatory follicles. In 
zebrafish, this process happens in a time span of 10 days and is divided in the following 
five stages: The growth stage; the pre-vitellogenic stage; the vitellogenic stage; the 
maturation stage; and the mature egg stage (Ge, 2005). To understand at what stages of 
folliculogenesis is the CYP19a promoter expressed, a Western blot was conducted. For 
this Western blot follicles were isolated into different size groups associated with the 
different stages. The observed results show higher expression of EGFP at the pre-growth, 
pre-vitellogenic and the early-vitellogenic stages.
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Figure 4. Westernblot detection of EGFP expression in ovarian follicles at 
different stages of foiliculogenesis. A. Westemblot illustrating the expression 
of EGFP driven by the aromatase promoter in follicles at different stages of 
foiliculogenesis. Lane 1 shows the total ovarian proteins. Lane 2 was blank. 
Lane 3 shows follicles at the PG stage; lane 4 has follicles at the PV stage; lane 
5 has follicles at the EV stage; lane 6 has follicles at the MV; lane 7 has follicles 
at the LV stage and lane 8 has follicles at the FG stage. B. shows the expected 
expression of endogenous aromatase as mapped by previous studies.
DISCUSSION
According to the WHO, infertility can be defined as a disease of the reproductive 
system, characterized by the inability to become clinically pregnant after a year of 
engaging in regular unprotected sexual intercourse (Zangers-Hoschiled et al., 2009). 
Although infertility was once considered a mere inconvenience, it is now classified as a 
disease by the US regulatory American with Disabilities Act (Meacham et al., 2007; 
Turchi, 2015). Infertility is ranked as one of the top five serious global disabilities among 
women younger than 60 and it affects 15-20% of all couples worldwide (Krahn, 2011; 
Turchi, 2015). Studies have shown that many of these cases of infertility are due to 
hormonal imbalance and abnormal ovulation in women (Laven et al., 2002; Hoo et al., 
2016). To find a new solution to this problem, the mechanism by which reproduction
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occurs in females must first be investigated. For decades, scientists have studied LH and 
FSH which are the main hormones that regulate the process of folliculogenesis. However, 
the mechanisms by which these hormones and their receptors influence the maturation 
and survival of gametes remains obscure (Laan et al., 2002). To gain insight into these 
mechanisms a transgenic model was developed. A stable transgenic line was previously 
created by using the Tol2 system to integrate part of the aromatase gene promoter and the 
EGFP reporter gene into zebrafish.
To confirm the successful integration of the transgene into the zebrafish DNA, the 
FI progeny was genotyped using PCR. Since the EGFP gene is 720bps, all transgenic 
zebrafish were expected to show a band at that location. From the results, it was observed 
that the zebrafish had a band between 500bps- 750bps. This implies that the integration 
of the transgene into the zebrafish was successful. In addition, all the FI zebrafish that 
were sequenced showed that same band between 500bps- 750bps, suggesting that there 
was 100% integration of the transgene. The high percent of integration observed in this 
transgenic line was not surprising, since the Tol2 system has been known to have high 
efficiency.
After confirming the successful integration of the transgenes, expression of the 
aromatase promoter was mapped using the Western blot technique. The results show an 
intense band at about 26.9 kDa for the ovarian samples of the three zebrafish and no 
bands in any of the other tissue samples. Since the molecular weight of EGFP is 26.9 
kDa, any sample in which the aromatase gene promoter is expressed should present a 
band at this position. These results suggest that the aromatase gene promoter is 
specifically expressed in the ovaries. Aromatase is an enzyme responsible for catalyzing
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the conversion of androgens to estrogens. The two genes that code for aromatase in 
zebrafish (CYP19a and CYP19b) have different expression patterns. The promoter used 
for this research was extracted from the CYP19a gene which is exclusively expressed in 
the ovaries. The patterns of expression of the CYP19a gene explain why the transgenes 
introduced into the zebrafish are only expressed in the ovaries (Tanaka et al., 1995).
The ovaries are formed by ovarian follicles composed of: an oocyte enclosed by a 
thin layer of nucleated granulosa cells and an outermost layer of theca cells. To continue 
characterizing the expression of the aromatase promoter, direct microscopy was used to 
identify the specific cells that exhibited green fluorescence. Only cells surrounding the 
oocyte showed any signs of fluorescence. These cells were also the ones that retained the 
DAPI counter stain. Based on these characteristics, the aromatase promoter is most likely 
being expressed by the granulosa cells. These results are supported by studies that have 
shown that the granulosa cells are responsible for the conversion of androgens to 
estrogens by aromatase during folliculogenesis (Tanaka et al., 1995; Havelock et al., 
2004; Ge, 2005).
Follicles mature and develop through the process of folliculogenesis. This process 
is divided into different stages that can be characterized by differences in protein 
expression and follicular size. To understand differential expression of the aromatase 
promoter throughout folliculogenesis another Western blot was performed. For this 
western blot, follicles were separated into groups according to the size ranges 
representative of each stage. Protein was extracted from each group and used to run the 
western blot. The results show that there were higher levels of EGFP at the pre-growth, 
pre-vitellogenic and the early-vitellogenic stages. This indicates that the aromatase gene
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promoter was highly expressed during these stages. Previous research indicated that 
endogenous aromatase expression is highest during the early-vitellogenic, mid- 
vitellogenic and late-vitellogenic stages of folliculogenesis (Ge, 2005). There are a few 
discrepancies between the obtained and the expected data because only a piece of the 
promoter was used for this study. On the other hand, studies that previous characterized 
the expression of endogenous aromatase looked at the expression of the whole promoter. 
Although there are a few differences between the obtained results and previous studies, 
they both show the similar peaks of expression. They also show that aromatase is specific 
to certain stages of folliculogenesis.
The transgenic line of zebrafish that was created shows great promise as a 
reproductive model. The aromatase promoter has been shown to be easily introduced into 
zebrafish and to also have very specific patterns of expression. Future research could 
utilize this model to study the expression of proteins associated with female reproduction. 
By using this line of transgenic zebrafish new information regarding the effects of 
different reproductive proteins could be gathered. This information could potentially be 
used to develop new treatments for infertility and other reproductive disorders.
33
R E F E R E N C E S
Alsop DVijayan M. 2008. Development of the corticosteroid stress axis and receptor 
expression in zebrafish. AJP: Regulatory, Integrative and Comparative Physiology 
294:R711-R719.
Alsop DVijayan M. 2009. The zebrafish stress axis: molecular fallout from the teleost- 
specific genome duplication event. General and Comparative Endocrinology 161:62-66.
Amsterdam A, Becker T. 2005. Transgenes as screening tools to probe and manipulate 
the zebrafish genome. Developmental Dynamics 234:255-268.
Avdesh A, Chen M, Martin-Iverson M, Mondal A, Ong D, Rainey-Smith S, Taddei K, 
Lardelli M, Groth D, Verdile G et al. 2012. Regular care and maintenance of a zebrafish. 
Laboratory: an introduction. Journal of Visualized Experiments.
Bansal T, Lenhart J, Kim T, Duan C, Maharbiz M. 2009. Patterned delivery and 
expression of gene constructs into zebrafish embryos using microfabricated interfaces. 
Biomedical Microdevices 1 1:633-641.
Barnabe-Heider F, Meletis K, Eriksson M, Bergmann O, Sabelstrom H, Harvey M, 
Mikkers H, Frisen J. 2008. Genetic manipulation of adult mouse neurogenic niches by in 
vivo electroporation. Nature Methods 5:189-196.
Bigey P, Bureau M, Scherman D. 2002. In vivo plasmid DNA electrotransfer. Current 
Opinion in Biotechnology 13:443-447.
Blanton M, Specker J. 2007. The hypothalamic-pituitary-thyroid (HPT) axis in fish and 
its role in fish development and reproduction.
Bogerd J, Granneman J, Schulz R, Vischer H. 2005. Fish FSH receptors bind LH: How to 
make the human FSH receptor to be more fishy?. General and Comparative 
Endocrinology 142:34-43.
Broughton R, Milam J, Roe B. 2001. The complete sequence of the zebrafish (Danio 
rerio) mitochondrial genome and evolutionary patterns in vertebrate mitochondrial DNA. 
Genome Research: 1958-67.
Cruz S, Lin C, Chao P, Hwang P. 2013. Glucocorticoid Receptor, but not 
mineralocorticoid receptor, mediates cortisol regulation of epidermal ionocyte 
development and ion transport in zebrafish (Danio rerio). PLoS ONE 8:e77997.
Culp P, Nusslein-Volhard C, Hopkins N. 1991. High-frequency germ-line transmission of 
plasmid DNA sequences injected into fertilized zebrafish eggs. Proceedings of the 
National Academy of Sciences 88:7953-7957.
Fevold H, Hisaw F, Leonard S. 1931. The Gonad Stimulating and the luteinizing 
hormones of the anterior lobe of the hyphothesis. Am J Physiol.
34
Fischer A, Jacobson K, Rose J, Zeller R. 2008. Cryosectioning tissues. Cold Spring 
Harbor Protocols 2008:pdb.prot4991-pdb.prot4991.
Fuzzen M, Van Der Kraak G, Bernier N. 2010. Stirring Up New Ideas about the 
regulation of the hypothalamic-pituitary-interrenal axis in zebrafish ( Danio rerio ). 
Zebrafish 7:349-358.
Garcia-Lopez A, de Jonge H, Nobrega R, de Waal P, van Dijk W, Hemrika W, Taranger 
G, Bogerd J, Schulz R. 2010. Studies in zebrafish reveal unusual cellular expression 
patterns of gonadotropin receptor messenger ribonucleic acids in the testis and 
unexpected functional differentiation of the gonadotropins. Endocrinology 151:2349- 
2360.
Ge W. 2005. Intrafollicular paracrine communication in the zebrafish ovary: The state of 
the art of an emerging model for the study of vertebrate folliculogenesis. Molecular and 
Cellular Endocrinology 237:1-10.
Golan M, Zelinger E, Zohar Y, Levavi-Sivan B. 2015. Architecture of GnRH- 
Gonadotrope-Vasculature reveals a dual mode of gonadotropin regulation in fish. 
Endocrinology 156:4163-4173.
Golling G, Amsterdam A, Sun Z, Antonelli M, Maldonado E, Chen W, Burgess S, Haldi 
M, Artzt K, Farrington S et al. 2002. Insertional mutagenesis in zebrafish rapidly 
identifies genes essential for early vertebrate development. Nature Genetics 31:135-140.
Gupta T, Mullins M. 2010. Dissection of organs from the adult zebrafish. Journal of 
Visualized Experiments.
Harada N. 1988. Cloning of a complete cDNA encoding human aromatase : 
Immunochemical identification and sequence analysis. Biochemical and Biophysical 
Research Communications 156:725-732.
Havelock J, Rainey W, Carr B. 2004. Ovarian granulosa cell lines. Molecular and 
Cellular Endocrinology 228:67-78.
Hill A, Howard C, Cossins A. 2002. Efficient embedding technique for preparing small 
specimens for stereological volume estimation: zebrafish larvae. Journal of Microscopy 
206:179-181.
Hill A. 2005. Zebrafish as a model vertebrate for investigating chemical toxicity. 
Toxicological Sciences 86:6-19.
Hoo J, Kumari Y, Shaikh M, Hue S, Goh B. 2016. Zebrafish: A versatile animal model 
for fertility research. BioMed Research International 2016:1-20.
Howe K, Clark M, Torroja C, Torrance J, Berthelot C, Muffato M, Collins J, Humphray 
S, McLaren K, Matthews L et al. 2013. The zebrafish reference genome sequence and its 
relationship to the human genome. Nature 496:498-503.
35
Hwang W, Fu Y, Reyon D, Maeder M, Tsai S, Sander J, Peterson R, Yeh J, Joung J. 
2013. Efficient genome editing in zebrafish using a CRISPR-Cas system. Nature 
Biotechnology 31:227-229.
Kardash E. 2012. Current methods in zebrafish research. Materials and Methods 2.
Kawakami K. 2007. Tol2: a versatile gene transfer vector in vertebrates. Genome 
Biology 8:S7.
Khan M, He L, zhuang X. 2016. The emerging role of GPR50 receptor in brain. 
Biomedicine & Pharmacotherapy 78:121-128.
Kitahashi T, Ogawa S, Parhar I. 2009. Cloning and expression of kiss2 in the zebrafish 
and medaka. Endocrinology 150:821-831.
Krahn G. 2011. WHO world report on disability: A review. Disability and Health Journal 
4:141-142.
Laan M, Richmond H, He C, Campbell R. 2002. Zebrafish as a model for vertebrate 
reproduction: characterization of the first functional zebrafish (Danio rerio) gonadotropin 
receptor. General and Comparative Endocrinology 125:349-364.
Laven J, Imani B, Eijkemans M, Fauser B. 2002. New approach to polycystic ovary 
Syndrome and other forms of anovulatory infertility. Obstetrical & Gynecological Survey 
57:755-767.
Lehman M, Merkley C, Coolen L, Goodman R. 2010. Anatomy of the kisspeptin neural 
network in mammals. Brain Research 1364:90-102.
Lele Z Krone P. 1996. The zebrafish as a model system in developmental, toxicological 
and transgenic research. Biotechnology Advances 14:57-72.
Lin C, Chiang C, Tsai H. 2016. Zebrafish and medaka: new model organisms for modern 
biomedical research. Journal of Biomedical Science 23.
Liu C, Zhang X, Deng J, Hecker M, Al-Khedhairy A, Giesy J, Zhou B. 2011. Effects of 
prochloraz or propylthiouracil on the cross-talk between the HPG, HPA, and HPT Axes 
in zebrafish. Environmental Science & Technology 45:769-775.
Liu K, Lin S, Ge W. 2011. Differential regulation of gonadotropin receptors by estradiol 
in the zebrafish ovary involves nuclear estrogen receptors that are likely located on the 
plasma membrane. Endocrinology 152:4418-4430.
Manna P. 2001. Assessment of mechanisms of thyroid hormone action in mouse leydig 
cells: regulation of the steroidogenic acute regulatory protein, steroidogenesis, and 
luteinizing hormone receptor function. Endocrinology 142:319-331.
Matthews M, Trevarrow B, Matthews J. 2002. A virtual tour of the guide for zebrafish 
users. Lab Animal:34-40.
36
Meacham R, Joyce G, Wise M, Kparker A, Niederberger C. 2017. Male Infertility.
Mead E Sarkar D. 2014. Fetal alcohol spectrum disorders and their transmission through 
genetic and epigenetic mechanisms. Frontiers in Genetics 5.
Messager S, Chatzidaki E, Ma D, Hendrick A, Zahn D, Dixon J, Thresher R, Malinge I, 
Lomet D, Carlton M et al. 2005. Kisspeptin directly stimulates gonadotropin-releasing 
hormone release via G protein-coupled receptor 54. Proceedings of the National 
Academy of Sciences 102:1761-1766.
Mouthaan J, Sijbrandij M, Luitse J, Goslings J, Gersons B, Olff M. 2014. The role of 
acute cortisol and DHEAS in predicting acute and chronic PTSD symptoms. 
Psychoneuroendocrinology 45:179-186.
Müller F, Leie Z, Väradi L, Menczel L, Orbän L. 1993. Efficient transient expression 
system based on square pulse electroporation and in vivo luciferase assay of fertilized 
fish eggs. FEBS Letters 324:27-32.
Porazzi P, Calebiro D, Benato F, Tiso N, Persani L. 2009. Thyroid gland development 
and function in the zebrafish model. Molecular and Cellular Endocrinology 312:14-23.
Santos E, Workman V, Pauli G, Filby A, Van Look K, Kille P, Tyler C. 2007. Molecular 
basis of sex and reproductive status in breeding zebrafish. Physiological Genomics 
30:111-122.
Segner H. 2009. Zebrafish (Danio rerio) as a model organism for investigating endocrine 
disruption. Comparative Biochemistry and Physiology Part C: Toxicology & 
Pharmacology 149:187-195.
Servili A, Le Page Y, Leprince J, Caraty A, Escobar S, Parhar I, Seong J, Vaudry H, Kah 
O. 2011. Organization of two independent kisspeptin systems derived from evolutionary- 
ancient kiss genes in the brain of zebrafish. Endocrinology 152:1527-1540.
Shafizadeh E, Huang H, Lin S. 2002. Transgenic zebrafish expressing green fluorescent 
protein. Green Fluorescent Protein:225-233.
Simoni M, Weinbauer G, Gromoll J, Nieschlag E. 1999. Role of FSH in male gonadal 
function. Ann Endocrinol (Paris).
Smith J, Popa S, Clifton D, Hoffman G, Steiner R. 2006. Kissl neurons in the forebrain 
as central processors for generating the preovulatory luteinizing hormone surge. Journal 
of Neuroscience 26:6687-6694.
Smith P. 1930. Hypophysectomy and a replacement therapy in the rat. American Journal 
of Anatomy 45:205-273.
Spence R, Gerlach G, Lawrence C, Smith C. 2007. The behaviour and ecology of the 
zebrafish, Danio rerio. Biological Reviews 83:13-34.
37
Spitsbergen J Kent M. 2003. The state of the art of the zebrafish model for toxicology 
and toxicologic pathology research—advantages and current limitations. Toxicologic 
Pathology 31:62-87.
Suster M, Kikuta H, Urasaki A, Asakawa K, Kawakami K. 2009. Transgenesis in 
zebrafish with the Tol2 transposon system. Transgenesis Techniques:41-63.
Tanaka M, Fukada S, Matsuyama M, Nagahama Y. 1995. Structure and promoter 
analysis of the cytochrome P-454 aromatase gene of the teleost fish, medaka (Oryzias 
Wipes). J Biochem:719-25.
The C, Parinov S, Korzh V. 2005. New ways to admire zebrafish: progress in functional 
genomics research methodology. BioTechniques 38:897-906.
Tong SChung B. 2003. Analysis of zebrafish cypl9 promoters. The Journal of Steroid 
Biochemistry and Molecular Biology 86:381-386.
Tsigos Chrousos G. 2002. Hypothalamic-pituitary-adrenal axis, neuroendocrine factors 
and stress. Journal of Psychosomatic Research 53:865-871.
Turchi, P. 2015. Prevalence, definition, and classification of infertility, in Clinical 
Management of male infertility. Springer, Berlin, Germany 5-11.
Vargesson, N.A. 2007. Zebrafish’ in manual of animal technology (ed. S. Barnett) 
Blackwell Publishing Ltd: Oxford, UK
Vaudry H Seong J. 2014. Neuropeptide GPCRs in neuroendocrinology. Frontiers in 
Endocrinology 5.
Westerfield M. 1995. The zebrafish book. 1st ed. [Eugene, OR]: M. Westerfield.
Yi-Wen L. 2007. Interrenal organogenesis in the zebrafish model. Organogenesis 3:44- 
48.
Zegers-Hochschild F, Adamson G, de Mouzon J, Ishihara O, Mansour R, Nygren K, 
Sullivan E, Vanderpoel S. 2017. International committee for monitoring assisted 
reproductive technology (ICMART) and the World Health Organization (WHO) revised 
glossary of ART terminology, 2009*.
38
